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DSUMMARY
The small intestine is the primary site of dietary lipid
absorption in mammals. The balance of nutrients,
microorganisms, bile, and mucus that determine
intestinal luminal environment cannot be recapitu-
lated ex vivo, thus complicating studies of lipid
absorption.We show that fluorescently labeled lipids
can be used to visualize and study lipid absorption in
live zebrafish larvae. We demonstrate that the addi-
tion of a BODIPY-fatty acid to a diet high in athero-
genic lipids enables imaging of enterocyte lipid
droplet dynamics in real time. We find that a lipid-
rich meal promotes BODIPY-cholesterol absorption
into an endosomal compartment distinguishable
from lipid droplets. We also show that dietary
fatty acids promote intestinal cholesterol absorption
by rapid re-localization of NPC1L1 to the intestinal
brush border. These data illustrate the power of the
zebrafish system to address longstanding questions
in vertebrate digestive physiology.
TR
AINTRODUCTION
Much of our understanding of intestinal lipid metabolism comes
from studies that were not performed in the intestine but in
immortalized cell lines (Field, 2001). The limitation of such exper-
iments is that they cannot recapitulate the complex environment
of living organs. The intestine, for example, is composed of
multiple cell types, including enterocyte (ENT), stem, enteroen-
docrine, immune, and goblet cells (Field, 2001). In addition to
its cellular heterogeneity, the intestine contains symbiotic organ-
isms, bile, and mucus that each influence lipid processing (Field
et al., 2003; Kruit et al., 2006;Martin et al., 2008;Moschetta et al.,
2005; Pack et al., 1996; Titus and Ahearn, 1992). Because of the
complexity of the intestinal environment and the lack of an
equally complex ex vivo model, a number of questions remain
regarding the uptake and compartmentalization of lipids in the
polarized intestinal epithelial cell, the ENT.
Within intestinal lumen, dietary lipids (cholesterol, plant
sterols, phospholipids, and triglycerides) are digested by luminal
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From the surface of micelles, monoacylglycerol and fatty acids
(FA) are readily absorbed by ENTs in the proximal small intestine
(Benzonana and Desnuelle, 1965; Iqbal et al., 2008; Sarda and
Desnuelle, 1958). Despite years of study, the detailed roles of
proteins (e.g., FATP4 and/or CD36) that mediate the initial steps
of long-chain FA absorption by intestinal ENTs is not known
(Mansbach and Gorelick, 2007).
Once FA enter the ENT, they are rapidly directed to the endo-
plasmic reticulum (ER), where they are re-esterified into triacyl-
glycerides (TG) (Jersild, 1966; Lehner and Kuksis, 1995; Nutting
et al., 1989). The ENT will either transfer the TG to maturing lipo-
proteins (chylomicrons) destined for the Golgi and subsequent
basolateral exocytosis or incorporate TG into lipid droplets
(LD) that are thought to arise by budding from the ER (reviewed
by Iqbal and Hussain, 2009; Mansbach and Siddiqi, 2010).
Isotopic labeling studies of rat ENTs indicate that the rate-
limiting step in TG export is transfer of TG from the ER to the
Golgi (Mansbach and Nevin, 1998). These data suggest that
storage of TG would be favored over TG export when intestinal
FA levels are high and are consistent with the appearance of
large numbers of intestinal LDs following a high-fat meal in
mice, zebrafish, and trout (Weiss, 1955; Sire et al., 1981; Andre´
et al., 2000). However, much of our information about the cell
biology of LD comes from studies of adipocytes and not ENTs.
Specifically, we do not know how ENTs regulate LD production.
Cholesterol absorbed by ENTs is incorporated into lipopro-
teins destined for export into the lymphatic system. Neimann-
Pick C1-like 1 (NPC1L1) protein plays a key role in intestinal
cholesterol absorption, as rodents lacking NPC1L1 fail to uptake
cholesterol (Altmann et al., 2004; Klett and Patel, 2004). In addi-
tion, NPC1L1 expression is enhanced in humans treated with
cholesterol synthesis inhibitors (Tremblay et al., 2011) and down-
regulated in cultured cells subjected to prolonged oleic acid (FA,
C18:1) exposure (Chen et al., 2011). In intestinal explants,
NPC1L1 responds to cholesterol in the culture media by translo-
cating from the brush border (BB) to an endosomal compartment
(Skov et al., 2011). Sterol-induced internalization of NPC1L1
from the plasma membrane into the endosomal compartment
of rat CRL-1601 hepatocytes can be blocked by clathrin/AP2
knockdown and the drug ezetimibe (Ge et al., 2008). Although
this suggests an integral role for NPC1L1 in cholesterol absorp-
tion and trafficking, there is no cell biological model to explain
how specific intestinal proteins uptake cholesterol from the
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Moreover, it is unclear to what degree the observations of
NPC1L1 translocation in cultured cells will apply to the highly
specialized environment of the intestine.
The finding that fat consumption can promote intestinal
cholesterol uptake needs elucidation. Sylve´n and Borgstro¨m
(1969) found that TG comprised of long fatty acyl chains
enhances uptake of cholesterol in rats. Mice lacking pancreatic
lipase have significantly reduced levels of luminal FA and exhibit
reduced cholesterol absorption (Young and Hui, 1999). More
recently, absorption of long-chain FA (LCFA) was found reduced
in mice deficient in NPC1L1 and in ezetimibe-treated mice and
zebrafish larvae (Labonte´ et al., 2008; Clifton et al., 2010). As
cholesterol and fat are always found in combination in natural
diets, it may not be surprising that FA liberated from TG break-
down could play a role in cholesterol absorption. However, the
mechanism whereby dietary FA modulates cholesterol metabo-
lism has not yet been described.
To address outstanding questions regarding mechanisms of
intestinal lipid absorption, we have developed a strategy for visu-
alizing lipids and relevant proteins at a subcellular level within
ENTs of live zebrafish larvae. One reason for the popularity of
the zebrafish system is that adults are small, highly fecund verte-
brates that produce large numbers of developmentally synchro-
nized progeny. Moreover, the biochemistry and physiology of
zebrafish are similar to humans in many respects. Owing to their
small size, many larvae can be simultaneously manipulated in
multiwell plates under a variety of conditions (e.g., temperature,
diet, and pharmacology). The optical clarity of the larva also facil-
itates the use of fluorescently labeled lipids, lipophilic dyes, and
fluorescent fusion proteins to monitor subcellular events without
surgical or other invasive procedures. Together, these features
have resulted in the rapid, worldwide adoption of this model
vertebrate system.
Previous work examining zebrafish lipid processing was
largely performed at low magnification (1–53 objective) with
a focus on organ function (Babin et al., 1997; Durliat et al.,
2000; Farber et al., 2003; Hama et al., 2009; Hendrickson
et al., 1999; Ho et al., 2004; Ho¨ltta¨-Vuori et al., 2010; Marza
et al., 2005; Ng et al., 2005). Here, we describe a method for
high-resolution studies of intestinal cells under different dietary
conditions and after exposure to small molecules known to
affect lipid metabolism in humans. Our method employs
commercially available fluorescent lipids for direct observation
of lipid absorption at the subcellular level in the intact intestine
and does not require specialized equipment beyond a confocal
microscope and imaging software.
Using this approach, postprandial lipid processing was moni-
tored visually at a subcellular level in real time. We find LDs
form rapidly in larvae fed a high-fat diet and that absorption of
cholesterol byENTs requires thepresenceofdietaryFA.Addition-
ally, fluorophore-conjugated FA label LDs and are visible by both
phase and fluorescencemicroscopy.Weobserved that BODIPY-
cholesterol is initially taken up in an endosomal compartment that
is distinct from newly formed LDs. In addition, a high-fat diet
causes fluorescently tagged human NPC1L1 to translocate to
the intestinal BB from its resident perinuclear compartment. The
results suggest that, in vivo, NPC1L1 promotes cholesterol
absorption in response to signaling from free FA.
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Intestinal Lipid Droplets Result from a High-Fat Meal
To establish larval zebrafish as a model for studying transport
and metabolism of dietary lipid, we first selected a high-fat
food that easily forms an emulsion in water. We found that fresh
chicken egg yolk (EY; approximately 60% TG, 35% phospho-
lipids, and 5% cholesterol) forms a uniform emulsion of small
micelles when mixed with zebrafish embryo media (EM) (10%
v/v) by force pipetting. When immersed in the solution, freely
swimming larvae readily consume the high-fat diet. Normally,
zebrafish begin eating exogenous food between 4 and 6 days
post-fertilization (dpf) as they deplete their yolk nutrients. In
these experiments, the EY emulsion was the larva’s first exogen-
ous food source. After 3 hr of feeding, the anterior larval intestine
of most larvae (90%) was full of EY, as evidenced by its opaque
appearance when compared to unfed siblings (Figures 1A and
1B).
Ultrastructural analysis of the intestinal ENTs of zebrafish
larvae reveals features strikingly similar to those previously
observed in human and mouse intestines (Ashworth and Law-
rence, 1966; Marenus and Sjo¨strand, 1982). The zebrafish intes-
tine at 6 dpf consists mainly of uniform, columnar, polarized
epithelia, with an apical BB, lateral cell border, and basal base-
ment membrane. The apical ENT cytoplasm contains copious
spherical mitochondria and SER (Figure 1C). The most notable
effect of feeding the high-fat diet to larvae was the rapid appear-
ance of large lipid accumulations filling most of the ENT’s apical
cytoplasm adjacent to the BB (Figures 1D–1F). These accumula-
tions were determined to be LD by their uniform interior, associ-
ation with ER and mitochondria, and presence of a bounding
monolayer membrane (Figure 1E). Fed larvae also exhibited
chylomicron particles in the basolateral compartment of their
ENTs (Figure 1D) and a dramatic change in mitochondria
morphology. Some mitochondria appeared to undergo fusion
that resulted in a shift to long, tubular shapes (compare Figures
1G and 1H), a response only observed in ENTs from fed larvae.
To test whether these observations were specific to a high-fat
intake, a natural diet of 3% pure´ed baby brine shrimp was fed
overnight. This lower-fat diet also produced LDs, chylomicrons,
and changes in mitochondria morphology, although the effects
were less dramatic (data not shown).
To better understand the kinetics of ENT LD formation and
utilization, we performed time-course studies in which larvae
were fed for a specific duration, fixed, and subjected to ultra-
structural analysis. These studies revealed that a brief high-
fat feed (1 hr) produced a peak in LD area at 1 hr post feed
that was maintained (over 9 hr; Figure S1B [available online],
p = 2.6x107, R2 = 0.565) and gradually reduced (from 9–21 hr)
to return to baseline (Figure S1D, p = 0.004, R2 = 0.794).
BODIPY-Labeled FAs Are Incorporated into LDs in the
Enterocyte
Although a major function of ENTs is to uptake dietary lipids
for absorption into the body, the subcellular trafficking of intes-
tinal lipids has not been examined in live animals. To explore
the dynamics of intestinal lipid processing, we exploited the
optical clarity of larval zebrafish and developed methods to
visualize subcellular lipid within live ENTs through the use of
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Figure 1. Lipid Droplets Form in Zebrafish
Enterocytes after a High-Fat Meal
(A and B) Brightfield image of (A) unfed and (B) fed
(10% chicken EY, 3hr) zebrafish larva (6 dpf).
Arrows indicate intestine and reveal the region of
food accumulation. White lines demarcate the
anterior intestinal area where our studies focused.
(C–H) Electron micrographs from unfed and fed
zebrafish larvae are shown. (C) Unfed zebrafish
intestinal ENTs lack lipid droplets (LD). (D) Zebra-
fish ENTs from larvae that have been fed chicken
EY (10%, 8 hr) display many LD. (E) Characteristic
phospholipid monolayer (ml) bound a lipid droplet.
(F) Smooth endoplasmic reticulum (ser) is closely
associated with lipid droplets. Lipid droplets are
observed near the apical brush border following
feeding. (G) Spherical mitochondria are typical in
unfed ENTs. (H) ENTs from larvae fed as described
in (D) typically have fused mitochondria (mito)
closely associated with lipid droplets.
BB, brush border; n, nucleus; LD, chylo, chylomi-
cron. See also Figure S1.
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Fatty Acids Promote Dietary Cholesterol Uptakefluorophore-labeled lipids. To track TG, a major constituent of
LDs, a fluorescent FA analog (BODIPY-C12) was added to the
EY diet and fed to 6 dpf larvae. Confocal microscopy of these
larvae revealed a fluorescently labeled subcellular compartment
that closely paralleled the size, shape, and distribution of LDs
observed in electron micrographs (compare Figure 2B and Fig-
ure 1D). We used phase microscopy to visualize LDs and found
that they co-localized with the BODIPY-C12 spheres (Figure S2).
Larvae fed BODIPY-C12 without EY exhibited diffuse and weak
cytoplasmic fluorescence but no LDs, presumably because the
FA content of the BODIPY-C12 diet was at low molar amounts
compared to the BODIPY-C12 plus EY diet (Figures 2A and 2C
and Figure S2). This experiment indicates that LDs can be visu-
alized in live larvae using an optimized diet, optimized mounting
procedure (Figure S3), 633 oil immersion objective, and stan-
dard confocal microscope.
Studies of cultured cells have shown that LDs are enriched in
sterols and sterol esters (Garbarino et al., 2009; Le Lay et al.,
2006; O’Rourke et al., 2009). To determine whether dietary
cholesterol partitions to intestinal LDs following its uptake, we
used a cholesterol molecule with a BODIPY analog conjugated
to the side chain at carbon-24 (BODIPY-cholesterol) (Li et al.,
2006). This fluorescent cholesterol analog localizes to the
liquid-ordered domain within membranes, mimicking the
behavior of native cholesterol (Bidet et al., 2011; Marks et al.,
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Wu¨stner et al., 2011). We examined
ENTs from larvae fed BODIPY-choles-
terol with EY and found that the subcel-
lular fluorescent labeling did not overlap
with LDs (Figure 2E). In addition, when
larvae ingested BODIPY-cholesterol in
the absence of EY, the cholesterol analog
was not taken up by ENTs (Figure 2D).
In fact, we observed virtually no cyto-
plasmic fluorescence in larvae fed
BODIPY-cholesterol alone (Figure 2F;two-tailed t test, p = 0.048). To test the hypothesis that
BODIPY-cholesterol is insoluble without EY, we subjected the
labeling solution to centrifugation (Figures S4A and S4B). The
failure of BODIPY-cholesterol to form a pellet suggests that
a stable emulsion is formed when it is added to EM. To rule out
the possibility that a failure to uptake BODIPY-cholesterol was
due to insolubility or a failure of bile to be secreted, we dissolved
BODIPY-cholesterol in fish bile and found that cytoplasmic fluo-
rescence in the ENT was not enhanced (Figure S4C).
BODIPY-Cholesterol Absorption Is Dependent on
Luminal Long-Chain FA
One possible reason for the failure of ENTs to uptake BODIPY-
cholesterol was that, when given alone, the physiologic
responses that would normally initiate a cascade of digestive
processes necessary for cholesterol absorption do not occur.
To test this, we added BODIPY-cholesterol to chicken eggwhite,
a high-protein, very low-lipid (less than 0.2% by weight) food
(U.S. Department of Agriculture, Agricultural Research Service,
2011). When fed to 6 dpf larvae, ENTs displayed strikingly lower
cytoplasmic fluorescence intensity than those in larvae fed with
the BODIPY-cholesterol and EY diet (ANOVA with Games-Ho-
well, p = 0.023) (Figures 3A and 3C). These data suggest that
a component of the EY is required for BODIPY-cholesterol
absorption.ª2012 Elsevier Ltd All rights reserved 915
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Figure 2. Larvae Fed a High-Fat Meal
Containing BODIPY-Lipid Analogs Exhibit
Robust and Discrete Subcellular Fluores-
cence within Enterocytes
(A–D) Confocal images (633) of live ENTs treated
with different dietary conditions and labeled with
either BODIPY-C12 or BODIPY-cholesterol. (A)
ENTs are diffusely labeled when BODIPY-C12
is supplied to unfed larvae. (B) BODIPY-C12
labels large spherical lipid droplets (arrow) when
added to a high-fat diet (5% chicken EY in EM).
(C) BODIPY-C12 labeling of ENTs is enhanced
in the presence of food. Plotted are mean ± SE
from three independent experiments. Images
(as in A and B) were blindly scored for cyto-
plasmic fluorescence on a five point qualitative
scale, where 5 represents strong and abundant
signal and 0 represents no signal. Data were
analyzed using two-tailed t test for equality
of means. *p < 0.05. (D) ENTs are not labeled
when BODIPY-cholesterol is supplied to unfed
larvae.
(E) When added to a high-fat meal, BODIPY-
cholesterol reveals a cholesterol-bearing com-
partment distinct from lipid droplets (compare
to B). Arrows indicate negatively stained lipid
droplets.
(F) BODIPY-cholesterol labeling of ENTs requires
the presence of food. Plotted are mean ± SE from
three independent experiments. Images (as in D
and E) were blindly scored for cytoplasmic fluo-
rescence on a five point qualitative scale, where 5 represents strong and abundant signal and 0 represents no signal. Data were analyzed using two-tailed t test
for equality of means. *p < 0.05.
n, nucleus; EY, chicken EY. See also Figures S2 and S3.
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Fatty Acids Promote Dietary Cholesterol UptakeApproximately 60% of lipids in the EY diet are TGs that
cannot be absorbed directly but must be digested by luminal
lipases to free FA and mono- and diglycerides that can be taken
into ENTs. We tested if cholesterol absorption requires luminal
FA by examining the effect of adding the TG lipase inhibitor
Orlistat (1 mM) to the BODIPY-cholesterol/EY emulsion. By
inhibiting the action of luminal lipases, dietary TGs are no longer
cleaved into free FA and mono- and diglycerides. ENTs treated
with Orlistat and fed the BODIPY-cholesterol/EY diet exhibited
no significant difference in cytoplasmic fluorescence compared
to those fed the BODIPY-cholesterol/egg white diet (Figures
3A, 3D, and 3E) (ANOVA with Games-Howell; EW versus
EY+Orlistat, p > 0.05). These findings indicate that BODIPY-
cholesterol absorption requires the presence of free FA and/or
diacyl- or monoacylglycerol. To determine if FA are the compo-
nents in TG required for cholesterol uptake, oleic acid (C18:1)
was added to the fatty-acid free BODIPY-cholesterol/egg white
emulsion and fed to 6 dpf larvae. These larval ENTs displayed
a substantially higher BODIPY-cholesterol fluorescence inten-
sity in their cytoplasm (Figures 3B and 3E). We confirmed that
this observation was not due to auto-fluorescence produced
by C18:1 by assaying and found no intestinal fluorescence in
larvae fed C18:1 and egg white in the absence of BODIPY-
cholesterol (data not shown). Moreover, while a diet of C18:1
and BODIPY-cholesterol/egg white emulsion did not produce
as many LDs as the BODIPY-cholesterol/EY diet, it produced
a similar level of cytoplasmic fluorescence (Figure 3E) (ANOVA
with Games-Howell, EY versus C18:1, p > 0.05), supporting
R
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requires FA.
Having established that adding C18:1 to the larval diet
promotes cholesterol uptake, we then tested if this effect was
specific to LCFA or if it would be observed by feeding any exog-
enous FA. Thus, we performed the assaywith FA of various chain
lengths and found that adding C16:0 to the egg white/BODIPY-
cholesterol emulsion significantly enhanced ENT fluorescence
compared to egg white/BODIPY-cholesterol alone (Figure 3H)
(ANOVA with REGWQ, p < 0.001, 25% of the effect obtained
with C18:1). FA of other chain lengths did not significantly
enhance BODIPY-cholesterol uptake (p > 0.05). The ability of
hydrolysis products of TG other than free FA (diacylglycerol,
monoacylglycerol, and glycerol) was also assayed for their
ability to enhance dietary BODIPY-cholesterol uptake. Only
1,2-dioleoyl-rac-glycerol, a molecule that contains two oleic
acid molecules that are likely liberated by digestive enzymes,
showed a significant effect (Figure 3I) (ANOVA with REGWQ,
p = 0.002). These studies support the hypothesis that a long-
chain FA is essential for BODIPY-cholesterol absorption.
A fluorescently labeled lipid may be processed differently than
the unmodified lipid. To address the degree to which dietary
BODIPY-cholesterol is analogous to native cholesterol, we
mixed radiolabeled cholesterol (16.6 mCi of [3H]-cholesterol/20
larvae/tube) with chicken egg white. Since this is significantly
less cholesterol (3.53 mM) than BODIPY-cholesterol (100 mM)
that was routinely used in our studies, we added unlabeled
cholesterol to the egg white/[3H]-cholesterol emulsion so thattd All rights reserved
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Figure 3. Intestinal Absorption of BODIPY-
Cholesterol by Larval Enterocytes Requires
the Presence of Fatty Acid
(A–D) Confocal images (633) showing BODIPY-
cholesterol (green) fluorescence in live 6 dpf larval
ENTs (expressing a BHG-1-mCherry nuclear
marker [red]) under different conditions. (A) ENTs
from larvae fed a protein-rich, low-fat diet (EW: 5%
chicken egg white) do not take up BODIPY-
cholesterol although it is abundant in the lumen. (B)
ENTs from larvae fed EW plus C18:1 (1 mM) show
increased uptake of BODIPY-cholesterol. (C)
ENTs from larvae fed a high-fat diet (EY: 5%
chicken EY) take up BODIPY-cholesterol. (D) ENTs
from larvae pretreated with the pancreatic lipase
inhibitor Orlistat (1 mM) show no BODIPY-
cholesterol uptake although it is abundant in the
lumen.
(E) Relative BODIPY-cholesterol fluorescence
(relative fluorescence units [RFU]) in live larval
ENTs from treatments with and without available
FA. Both the EY diet and the EW plus C18:1 diet
significantly enhance BODIPY-cholesterol uptake.
Plotted are mean ± SE from three independent
experiments. Means with different letters (a,b) are
statistically different: p < 0.05 from ANOVA with
Games-Howell.
(F) Adding FA C18:1 added to the EW diet of larvae
results in a substantial increase in [3H]-cholesterol
ester synthesis as measured by TLC. Plotted are
mean ± SE from four independent experiments.
Data were analyzed using two-tailed t test for
equality of means. *p < 0.05.
(G) Addition of unlabeled cholesterol (100 mM)
to the BODIPY-cholesterol/EW/C18:1 emulsion
significantly reduced BODIPY-cholesterol ester
(BODIPY-cholesteryl linoleate) synthesis. Plotted
are mean ± SE from three independent experi-
ments, presented as a percentage of the EW
treatment results. Data were analyzed using two-
tailed t test for equality of means. *p < 0.05.
(H) Addition of C16:0 to the low-fat EW diet
significantly enhances BODIPY-cholesterol up-
take into larval ENTs. Other FA tested did not
significantly enhance BODIPY-cholesterol uptake
when added to the EW diet. Plotted are mean ± SE
from four independent experiments, presented as
a percentage of the EW+C18:1 treatment results.
*p < 0.05 from ANOVA with REGWQ.
(I) The hydrolysis product of TG, 1,2-dioleoyl-
rac-glycerol, significantly enhances BODIPY-
cholesterol uptake in larval ENTs when added to the low-fat, EW diet. Plotted are mean ± SE from three independent experiments, presented as a percentage
of the EW+C18:1 treatment results. *p < 0.05 from ANOVA with REGWQ.
See also Figure S4.
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Since it is not possible to remove the unincorporated cholesterol
from the larval intestine, we assayed the formation of cholesterol
ester by thin layer chromatography (TLC). Addition of C18:1 to
the eggwhite diet resulted in a substantial increase in cholesterol
ester synthesis (Figure 3F) (two-tailed t test, p = 0.018). This is in
contrast to total cholesterol ingested, of which we observed no
significant difference between the treatment groups: the total
cholesterol ingested (determined from the total radioactivity
recovered/ specific activity of the labeling solution) between
the egg white diet and egg white plus oleic acid diet groupsChemistry & Biology 19,was 996 ± 429 versus 1220 ± 252 nmol/larva, respectively
(mean ± SEM, p > .05). These results suggest that animals
swallow approximately equivalent amounts regardless of
specific diet.
To further assess the degree to which BODIPY-cholesterol is
processed similarly to cholesterol, we explored the degree to
which unlabeled cholesterol can compete with BODIPY-choles-
terol for esterification. The addition of cholesterol (100 mM) to
the BODIPY-cholesterol/egg white/C18:1 emulsion reduced
BODIPY-cholesterol ester formation by approximately 50%
(Figure 3G) (two-tailed t test, p = 0.007). While both cholesterol913–925, July 27, 2012 ª2012 Elsevier Ltd All rights reserved 917
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Figure 4. BODIPY-Cholesterol Accumulates within an Endocytic Compartment that Is Distinct from Lipid Droplets
(A and B) Confocal images (633) showing transferrin-Alexa Fluor 555 (transferrin) or AM1-43 labeling of the endocytic compartment in live 6 dpf larval ENTs. All
larvae were fed a high-fat diet containing BODIPY-cholesterol. Each image is representative of images taken from three ormore experiments. (A) AM1-43-labeled
endocytic compartments (magenta) colocalize with BODIPY-cholesterol labeled enrichments (green) during feeding. Adjusted PCC in ROI = 0.46; thresholded
MA, AM143 = 0.95; thresholded MB, AM1-43 = 0.99. (B) Transferrin-labeled endocytic compartments (red) co-localize with BODIPY-cholesterol labeled enrichments
(green) during feeding. Adjusted PCC in ROI volume = 0.28; thresholded MA,Tf555 = 0.89; thresholded MB,Tf555 = 0.84.R
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BODIPY-cholesterol ester formation than radioactive cholesterol
ester (as a percent of substrate; data not shown). However, after
a significantly longer period of feeding (12–15 hr), we observed
numerous BODIPY-cholesterol positive LDs (data not shown),
consistent with eventual esterification of BODIPY-cholesterol
and incorporation to LDs. These data suggest that BODIPY-
cholesterol esterification is likely slower than unmodified
cholesterol.
To further explore metabolism of BODIPY-cholesterol, we
examined the effect of an ezetimibe analog (SCH58053), a
compound known to inhibit mammalian cholesterol uptake. In
zebrafish larvae, SCH58053 (50 mM) could completely block
the FA induced uptake of BODIPY-cholesterol by intestinal
ENTs (egg white alone, 107 ± 32 RFU; egg white + oleic acid,
1596 ± 238 RFU; egg white + oleic acid + SCH58053, 35 ± 25
RFU; mean ± SEM, n = 4 experiments, three larvae per experi-
ment; ANOVA with Games-Howell, p < 0.05). Taken together,
these data are consistent with the hypothesis that BODIPY-
cholesterol is taken up and metabolized similar to native
cholesterol.
BODIPY-Cholesterol Localizes to the Endocytic
Compartment of Enterocytes
To identify subcellular structures labeled by BODIPY-choles-
terol, we compared its localization with cytoplasmic fluores-
R
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a fixable derivative, are well-established markers for the endo-
cytic pathway and emit fluorescence only when intercalated
into lipid bilayers (Babitt et al., 1997; Betz et al., 1992; Choudhury
et al., 2002; Davies and Ioannou, 2006; Diefenbach et al., 1999;
Kuromi and Kidokoro, 2005; Le Lay et al., 2006; Murthy and Ste-
vens, 1998). We previously used AM1-43 to study lipid absorp-
tion and trafficking defects in zebrafish larvae (Clifton et al.,
2010; Ho et al., 2006). The spectral properties of AM1-43 (exci-
tation maximum at 479 nm, emission maximum at 598 nm) and
BODIPY (excitation, 505 nm; emission, 511 nm) enabled us to
resolve the two fluorophores with minimal overlap. Larvae
(6 dpf) that had ingested AM1-43 with a BODIPY-cholesterol/
EY emulsion for 3 hr exhibited a high degree of co-localization
between regions of cytoplasmic fluorescence (adjusted PCC in
ROI volume = 0.46; thresholded MA, AM143 = 0.95; thresholded
MB, AM1-43 = 0.99) (Figure 4A). Control larvae were labeled with
either AM1-43 or BODIPY-cholesterol to correct for potential
channel crossover (negligible; data not shown).
To further support these findings, we employed transferrin,
a marker that is internalized via clathrin-mediated endocytosis.
We pretreated larvae with a protease inhibitor cocktail to reduce
the activity of luminal proteases that would normally digest
transferrin. We then fed the larvae a BODIPY-cholesterol/EY
emulsion and transferrin-Alexa Fluor 555 (for 3 hr) (Roche Diag-
nostics). We observed a high degree of co-localization betweentd All rights reserved
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Figure 5. Human NPC1L1 Mobilizes from
a Perinuclear Structure to the Brush Border
in Larval Enterocytes Fed a Lipid-Rich Meal
(A–E’) Representative clones of hsp70-hnpc1L1-
mCherry in 6 dpf larvae (three independent
experiments, 12 animals). The time course begins
3 hr after a 15 min heat-shock and before exoge-
nous food is provided. (A) Before a feed,
HsNPC1L1-mCherry is enriched in a spherical
perinuclear structure. (A’) Overlay of A with phase
image. (B–E) HsNPC1L1-mCherry becomes en-
riched predominantly on the brush border (BB) and
depleted from the perinuclear structure during an
EY feeding. (E’) Overlay of (E) with phase image.
(F) hNPC1L1-mCherry relocalizes from a peri-
nuclear structure (solid line) to the brush border
(dashed line) during feeding of a lipid-rich meal.
Plotted are mean ± SEM from five independent
experiments. Means with different letters (a,b or
x,y) are statistically different: p < 0.05 from ANOVA
with REGWQ (perinuclear, x and y) or Games-
Howell (brush border, a and b).
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PCC in ROI volume = 0.46; thresholded MA,Tf555 = 0.89; thresh-
olded MB,Tf555 = 0.84). These data indicate that BODIPY-choles-
terol is transported within endosomes during the uptake phase
of cholesterol absorption.
NPC1L1 Responds to Increased Levels of Free FA
To elucidate the mechanism of FA dependence on BODIPY-
cholesterol uptake we characterized the localization of a human
NPC1l1-mCherry fusion protein after EY feeding. Design of the
transgene was based upon a previously validated human
NPC1L1-eGFP transgene (Ge et al., 2008). Temporal control of
transgene expression was afforded by use of a heat shock
promoter, hsp70 (Ish-Horowicz et al., 1977). To minimize con-
founding effects of overexpression, we tested a range of heat-
shock durations to identify the least amount of time that resulted
in detectable levels of fluorescence (15 min at 37C). Transgenic
larvae (F0, 6 dpf) were fed an EY diet and subjected to confocal
microscopy at various time points. Because of themosaic nature
of exogenous plasmid incorporation, only a small number of
clones would be expected to express the transgene. Before
food was supplied (3 hr after heat shock), intracellular NPC1L1-
mCherry fluorescence within ENTs was confined to spherical
cytoplasmic structures adjacent to the nucleus (Figures
R
ETChemistry & Biology 19, 913–925, July 27, 20125A–5A0). Intriguingly, within 40 min after a
high-fat meal, we observed a pronounced
re-localization of HsNPC1L1-mCherry to
cell membranes, with significant enrich-
ment at the BB membrane over time
(Figures 5B–5F). After 3 hr of feeding,
NPC1L1-mCherry was dispersed from
spherical cytoplasmic structures adjacent
to the nucleus (ANOVA with REGWQ,
p<0.05) and100%of theclonesexhibited
BB fluorescence (ANOVA with Games-
Howell, p = 0.034; in contrast to only
20% of the unfed clones) (Figure 5F).To evaluate if FA derived from TG breakdown mediates the
redistribution of HsNPC1L1, larvae were treated with Orlistat.
After an EY feed (3 hr), a significant amount of NPC1L1 remained
concentrated in the cytoplasm in Orlistat-treated larvae (ANOVA
with REGWQ, p < 0.05) (Figures 6A and 6B). To test the hypoth-
esis that FA are the TG catabolites that mediate the redistribution
of NPC1L1, C18:1 was added to the egg white emulsion and fed
to 6 dpf larvae. The larval ENTs displayed substantial NPC1L1-
mCherry fluorescence on their BB membranes and dispersed
throughout the cytoplasm (Figures 6A and 6B). These data
suggest that subcellular localization of NPC1L1 localization is
influenced by dietary FA.
Having established that both NPC1L1 localization to intestinal
BB and cholesterol uptake by ENTs is correlated with the pres-
ence of dietary FA, we set out to test if NPC1L1 could directly
mediate BODIPY-cholesterol uptake without the presence of
dietary FA. A stable line containing the hsp70: HsNPC1L1-
mCherry construct was made. We took advantage of the control
afforded by the heat shock promoter to increase the levels
of NPC1L1-mCherry, with the goal of forcing some NPC1L1-
mCherry to the BB. In contrast to our short heat shock
(15 min), low-expressing NPC1L1-mCherry experiments (Fig-
ures 5, 6A, and 6B), we increased the duration of heat shock
four-fold (1 hr) to induce high expression. This resulted inª2012 Elsevier Ltd All rights reserved 919
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Figure 6. NPC1L1 Directly Mediates
BODIPY-Cholesterol Uptake by Larval
Enterocytes
(A) Representative cells in larvae fed egg white
(EW) expressing HsNPC1L1-mCherry (6 hr after
a 15 min heat-shock and 3 hr after feeding) are
outlined in 6 dpf larval ENTs. HsNPC1L1-mCherry
accumulates in a perinuclear location. This
contrasts with the brush border accumulation of
HsNPC1L1-mCherry in clones within larvae fed
either chicken egg yolk (EY) or EW plus C18:1 for
the same duration. Similarly, clones in Orlistat-
treated, EY fed larvae do not show re-localization
of the cholesterol transporter to the brush border.
(B) Larval ENTs fed the EY and EW+C18:1 diets
display more HsNPC1L1-mCherry at their brush
border compared to those fed the EW and EY+
Orlistat diets which show significant perinuclear
enrichment. Plotted are mean ± SEM from six
independent experiments. Means with different
letters (a,b or x,y) are statistically different: p < 0.05
from ANOVA with REGWQ (brush border, a and b)
or Games-Howell (perinuclear, x and y).
(C) ENTs from stable hsp70-HsNPC1L1-mCherry
lines (red) that were heat-shocked (1 hr), allowed to
recover (3 hr), and then fed EW+BODIPY-choles-
terol (green). Strong overexpression ofHsNPC1L1-
mCherry causes the cholesterol transporter to be
localized to the brush border causing BODIPY-
cholesterol to be transported into ENTs.
(D) Heat shock of larvae from HsNPC1L1-mCherry
stable lines provides significant uptake of
BODIPY-cholesterol into ENTs. Relative fluores-
cent units (RFU) of BODIPY-cholesterol in larval
ENTs under conditions of EY-fed with no heat
shock; heat-shocked (HS), EW-fed; and EW fed
conditions. Plotted are mean ± SEM from four
independent experiments. Means with different
letters (a,b) are statistically different: p < 0.05 from
ANOVA with REGWQ.
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cytoplasmic structure. When these larvae were fed the
BODIPY-cholesterol/egg white diet they exhibited a significant
increase in BODIPY-cholesterol fluorescence (ANOVA with
REGWQ, p < 0.05), compared to EY feeding (and in contrast to
transgenic animals that were not subjected to heat shock and
WT control animals subjected to heatshock [data not shown])
(Figures 6C and 6D). These data indicate that the localization
of NPC1L1 to the BB membrane is sufficient to promote choles-
terol uptake.
DISCUSSION
A fundamental step to understanding the mechanisms of FA and
cholesterol uptake by intestinal ENTs is to observe lipid absorp-
tion at the subcellular level in a live organism. Previous reports of
cellular lipid absorption have been limited by an inability to
recreate the complex in vivo milieu of the intestinal lumen. In
addition, ex vivo studies lack a variety of physiological processes
impacting intestinal function at both the whole organ and subcel-
lular levels. Here, we report a methodology to monitor lipid pro-
cessing in ENTs of a living vertebrate. This in vivo approach is
R
E920 Chemistry & Biology 19, 913–925, July 27, 2012 ª2012 Elsevier Lunique because intestinal lipid metabolism is observed in the
presence of normal physiologic signals from the CNS and other
organs, such as liver and vasculature.
We initially characterized the kinetics of FA absorption and
metabolism by exposing larval ENTs to a meal rich in TG and
cholesterol. We found FA derived from dietary TG were incorpo-
rated into TG-rich LDs, consistent with reports that, in the pres-
ence of excess lipid, TG storage is favored over lipoprotein
export. We also found that absorption of dietary TG proceeds
as a gradual and sustained (over 9 hr) accumulation in the
ENT. These data suggest that intestinal lipid uptake is faster
than lipid export, a process thought to be to be rate-limited.
While we performed a thorough TEM study of LD size and
growth following feeding, we set out to develop methods to visu-
alize lipidmetabolism in live animals using fluorescent lipids. One
such lipid, BODIPY-cholesterol, is known to behave similarly to
cholesterol in bothmembrane partitioning and trafficking (Ho¨ltta¨-
Vuori et al., 2008; Marks et al., 2008; Wu¨stner et al., 2011).
However, not all aspects of BODIPY-cholesterol subcellular
transport have been examined and compared to native choles-
terol. In comparison to NBD-cholesterol, BODIPY-cholesterol
is brighter, more photo-stable, and more suitable for studyingtd All rights reserved
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(Ho¨ltta¨-Vuori et al., 2008; Wu¨stner et al., 2011). An unexpected
finding of our study was that intestinal absorption of dietary
cholesterol and FA are co-regulated. We ruled out the possibility
that BODIPY-cholesterol was not absorbed because of a lack of
phospholipase activity in the luminal intestine, which has been
shown to reduce cholesterol absorption, perhaps by preserving
the liquid-crystalline vesicles that can sequester cholesterol from
micellar solubilization and thus from uptake by ENTs (Borgstrom,
1960; Huggins et al., 2003; Hui and Howles, 2005; Sylve´n and
Borgstro¨m, 1969; Young and Hui, 1999). This mechanism fails
to explain why BODIPY-cholesterol emulsifications with exogen-
ous bile, egg white, or BSA fail to be taken up into ENTs. Our
results suggest that an additional factor, other than solubility,
mediates intestinal cholesterol uptake. We provide evidence
that either free FA or FA fromdietary TG enhance luminal absorp-
tion of BODIPY-cholesterol.
Our observation that FA promotes intestinal cholesterol
uptake are consistent with earlier studies conducted in rats
that showed that efficiency of ENT cholesterol absorption is
enhanced by feeding TG comprised of long-chain FA (Sylve´n
and Borgstro¨m, 1969). More recently, studies performed in
mice (Hui and Howles, 2005) and zebrafish (Clifton et al., 2010)
provided evidence consistent with a regulatory mechanism that
links FA and cholesterol absorption. In zebrafish, pharmacologic
inhibition of cholesterol uptake (ezetimibe treatment) interfered
with intestinal absorption of both FA and a fluorescent choles-
terol analog (Clifton et al., 2010). We found that an ezetimibe
analog (SCH58053) could block the FA-induced uptake of the
BODIPY-cholesterol/egg white diet. Here, we show specific FA
modulate NPC1L1 localization to the BB, suggesting that the
mechanism triggering movement is responsive mainly to LCFA.
While we present evidence linking FA and cholesterol absorp-
tion, we also found that these lipids are partitioned into separate
subcellular compartments soon after uptake by ENTs. In zebra-
fish larvae, BODIPY-labeled and native FA are re-esterified to
form TGs that are rapidly incorporated into LDs (Figure 2; data
not shown). Prior work had established that these BODIPY-FA
are not simply acting as dyes but are incorporated predomi-
nately into phosphatidylcholine and TG (Carten et al., 2011).
The metabolic fate of intestinal BODIPY-FA observed in zebra-
fish larvae is exactly what is expected from prior studies of
mammalian intestinal FA metabolism.
Our data indicate that cholesterol is initially transported via en-
dosomes and, in contrast to FA, is only later (24 hr) found in some
LDs (data not shown). BODIPY-cholesterol is esterified to
cholesterol ester, albeit to a lesser degree than native choles-
terol. However, native cholesterol competes with BODIPY-
cholesterol for ester formation, suggesting that the same esteri-
fication pathway is utilized.
Interestingly, BODIPY-cholesteryl ester was detected only
aftermodifying current extraction procedures (see Supplemental
Experimental Procedures). Prior work in cultured cells observed
a limited amount of BODIPY-cholesterol esterification that was
not efficiently induced by acetylated LDL when compared to
cells labeled with radioactive cholesterol (Ho¨ltta¨-Vuori et al.,
2008). Similarly, we observed less total BODIPY-cholesterol
esterification as a percent of initial substrate than we found for
[3H]-cholesterol (data not shown). However, we did find a signif-
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to exogenous FA (Figures 3F and 3G). While these data are
consistent with our hypothesis, they do not rule out the possi-
bility that increased [3H]-cholesterol and BODIPY-cholesterol
esterification promoted by oleic acid resulted from enhanced
intestinal acyl-CoA: cholesterol acyltransferase (ACAT) activity.
Regardless, these data suggest that BODIPY-cholesterol can
be processed by similar enzymes as cholesterol and its metab-
olism is promoted by FA. It may very well be the case that intes-
tinal ACAT may be a key mediator of this process.
Our observation that cholesterol absorption and trafficking
within ENTs involves endosomal transport is consistent with
prior studies of cholesterol uptake performed in heterologous
cultured cell lines (CHO, 3T3-L1 adipocytes, and McArdle-
RH7777 hepatoma cells) (Brown et al., 2007; Choudhury et al.,
2002; Le Lay et al., 2006; Mukherjee et al., 1998; Yu et al.,
2006). We propose that forward trafficking of cholesterol within
the endosomal compartment plays a central role in its absorp-
tion. However, we cannot exclude the possibility that some
component of the endosomal localization of BODIPY-cholesterol
arises from reverse transport during cholesterol efflux (Storch
et al., 2007). In contrast to cholesterol transport, we found no
evidence for FA transport through an endosomal compartment.
These data not only support the widely held view that NPC1L1
functions as a sterol binding/transport protein, but they also
advance previous assertions that the cellular processing of
BODIPY-cholesterol is similar to that of native cholesterol.
Studies conducted in CaCo-2 cells support the view that levels
of dietary cholesterol uptake into the ENT are in equilibrium with
ENT membrane cholesterol (Field et al., 1998). Dietary choles-
terol has also been proposed to stabilize ENT membranes
following FA perfusion (Slota et al., 1983). Thus, it is conceivable
that the co-regulation of FA and cholesterol absorption arose as
a mechanism to protect ENTs from membrane damage caused
by the absorption of free FA.
While the detailed mechanism of FA control of NPC1L1’s
localization awaits further study, our data indicate that choles-
terol uptake requires the presence of luminal FA and occurs
through the regulation of NPC1L1. Our finding that FA induce
the relocation of aHsNPC1L1-mCherry fusion protein froma resi-
dent perinuclear location to the apical cell membrane of the ENT
provides one mechanism for linking cholesterol to FA uptake.
Confirming that NPC1L1 subcellular dynamics observed with
the fluorescent NPC1L1 fusion protein reflects that of endoge-
nous NPC1L1 requires the development of better reagents.
However, by exploiting these transgenic larvae to strongly over-
express NPC1L1, we were able to observe ENTs with significant
NPC1L1 protein on the BB and FA-independent uptake of BOD-
IPY-cholesterol. These data indicate that the localization of
NPC1L1 to the BB is sufficient to facilitate luminal cholesterol
uptake.
Although our findings regarding the role of NPC1L1 localiza-
tion seem to contradict a recent study that presented evidence
for transport of NPC1L1 from the apical cell membrane to the en-
dosomal system of CaCo-2 and rat hepatoma cells during
cholesterol absorption (Skov et al., 2011), this may be explained
by the extensive methodological differences between the exper-
imental approaches. The use of a live whole animal model is
likely to capture important physiologic responses that will not
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removal of cholesterol from culture media and cell membranes
with a cholesterol depletion method (e.g., methyl-b-cyclodex-
trin), NPC1L1 is consistently found on the BB in CaCo-2 and
McArdle RH7777 rat hepatoma cells (Chu et al., 2009; Ge
et al., 2008; Wang et al., 2009; Yu et al., 2006). However, the
low level of cholesterol achieved in these depleted cells may
be well below that in a whole animal. When these depleted cells
are bathed in a cholesterol-rich media (e.g., LPDS, compactin,
mevalonate, and cholesterol/cyclodextrin for 1 hr), NPC1L1
relocates to a perinuclear compartment (Ge et al., 2008; Wang
et al., 2009; Yu et al., 2006). Relocalization of NPC1L1 from the
BB membrane has been proposed to play a protective role by
preventing toxic levels of cholesterol uptake. It is worth noting
that CaCo-2 and McArdle RH7777 rat hepatoma cells under
‘‘steady state’’ conditions are bathed in culture media rich in
FA and cholesterol and, in those studies, NPC1L1 is also found
in a perinuclear compartment (Davies et al., 2005; Yu et al.,
2006). Furthermore, in porcine jejunum explants where choles-
terol was not depleted, NPC1L1 was observed in an endosomal
compartment after exposure to a cholesterol-rich media for 10 hr
(Skov et al., 2011). Taken together, these data argue for a model
where excess cholesterol triggers a protective response, result-
ing in removal of NPC1L1 from the BB.
In sum, we have developed and characterized a method to
study intestinal ENT lipid uptake in an intact living vertebrate,
the larval zebrafish. This study provides insights into intestinal
cholesterol and FA uptake and reveals that FA provide a key
relocalization signal for the subcellular localization of NPC1L1.
These data suggest amechanism to couple the uptake of dietary
cholesterol to FA availability via the subcellular localization
of NPC1L1.
SIGNIFICANCE
Historically, the zebrafish has been largely used to study
embryological questions and has been underutilized for
studies of whole animal physiology. To our knowledge, the
work described in this manuscript may be the first to
visualize vertebrate intestinal cholesterol absorption in vivo
(containing bile, mucus, and symbiotes) at this level of
resolution.
Here, we describe how to use the larval zebrafish for
studies of digestive organ lipid metabolism by visualizing
lipid trafficking at the subcellular level. We use this system
to address a number of longstanding questions. For
example, since the 1960s, it has been observed that dietary
fat enhances cholesterol uptake but the mechanism under-
lying this effect has remained elusive. We found that
the intestinal uptake of a fluorescent cholesterol analog
(BODIPY-cholesterol) into an endosomal compartment is
promoted by a common dietary long chain FA, oleic acid.
We illustrate how to study the cell biology of this process
by creating transgenic larval zebrafish that carry a human
cholesterol transporter (NPC1L1) fused to the mCherry
reporter. We found that oleic acid promotes the transloca-
tion of NPC1L1 to the brush border of the ENTs and that
this translocation is sufficient to promote cholesterol up-
take. These findings were not anticipated by prior cultured
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sented demonstrate the power of the zebrafish larval system
to provide fresh insights into the process of intestinal
cholesterol absorption that cannot be elucidated in other
model systems.
EXPERIMENTAL PROCEDURES
Animal Husbandry
Fish care and experimental procedures were performed per our Institutional
Animal Care and Use Animal Protocol (#139). Standard methods for breeding
and raising zebrafish were followed (Westerfield, 2000). Embryos were
obtained from natural matings of either wild-type fish or transgenic lines.
Embryos and larvae used in experiments were raised at 28.5C until 6 dpf
when embryo yolk is depleted.
High-Fat Diet
Fresh organic EY was added to EM, vortexed, and forced pipetted for 5 min
until lipid micelles formed (sized at 0.5–4 mm diameter via confocal micros-
copy). Six dpf larvae were fed the emulsion, either 10% (for electron micros-
copy) or 5% (for fluorescence microscopy).
Natural Diet
Larvae were fed 3% pure´ed baby Artemia in EM overnight (8 hr).
Low-Fat Diet
We designed a high-protein, fat-free diet by isolating and emulsifying the
whites from chicken eggs. Larvae were fed a 5% solution of egg white.
FA Diet
Larvae were incubated with 1 mM oleic acid emulsified in either 5% egg white
or 1% BSA.
Orlistat Treatment
To block generation of free FA from dietary triglycerides, larvae were pre-
treatedwithOrlistat (0.5mM, 1 hr). After Orlistat pretreatment, half of themedia
was replaced with a 23 solution of the relevant diet and Orlistat.
Feeding the Diets
Larvae were moved to 12-well plastic dishes (20 larvae per well), provided
with the relevant diet, and placed on a nutator (40 rpm) for various test
durations. Larvae were rinsed from the diet solution four times in EM and
moved to a watchglass where we determined feeding success by imaging
under brightfield illumination (103). The anterior larval intestine of most
larvae was observed to be full of food, as evidenced by its opaque
appearance.
Fluorescence Microscopy
Larvae were imaged with a Leica SP2 confocal microscope equipped with
a 633 oil objective. The anterior intestine adjacent to the swim bladder,
conservatively located in the zone of the anterior intestine (Wallace et al.,
2005), was used for these studies (Figures 1A and 1B).
Electron Microscopy
For TEM, two feeding regimes were done. Larvae with ‘‘full’’ intestines were
removed and fixed at different durations after feeding. The larvae were either
fed overnight (8 hr) (as in Figure 1) or fed and sampled each hour from 1 to
21 hr post feeding (Figure S1). After four EM rinses, larvae were fixed in
a 3% glutaraldyhyde, 1% formaldehyde, 0.1 M cacadylate solution. Postfixa-
tion was done in 1% osmium tetroxide and En Bloc-stained with uranyl
acetate. Sections were made with an ultramicrotome (Porter-Blum MT-2;
Sorvall Instruments, Newton, CT), mounted on Formvar-coated grids, and
stainedwith lead citrate. Imageswere capturedwith a Phillips Tecnai 12micro-
scope and recorded with a Gatan multiscan CCD camera using Digital Micro-
graph software.
C
T
Dtd All rights reserved
Chemistry & Biology
Fatty Acids Promote Dietary Cholesterol UptakeMounting for In Vivo Imaging
Larvae were anesthetized with tricaine and moved to a bead of 3%methylcel-
lulose solution. A 20 3 30 mm coverslip was used to hold the larvae in place.
The wedge-shaped space created by the single slide bridge holds the larva’s
head in place during viewing (see Figure S3).
LD Area Quantification in Electron Micrographs
To define the rate of lipid processing, data were collected from several sets of
animals from at least three independent experiments and tallied for overall lipid
inclusion versus cell size over time using MetaMorph software (Molecular
Devices, LLC, Sunnyvale, CA). For each larva (three per experiment), areas
for all LDs within three separate cells were measured. Measurements of LD
area were recorded by a program that we composed to recognize a set of
defining features unique to LDs (a combination of shape factors and
morphology filters). See Supplemental Experimental Procedures.
Analysis of Fluorescence within ENTs
A qualitative scoringmethod was devised, with a range from 0 to 5, and carried
out by two independent researchers. The brightest signal observed within the
ENT cytoplasm was given a score of 5 and absence of signal was scored 0.
Images of three fields of cells, from three independent experiments, were
blinded and scored.
MetaMorph software was used to measure fluorescence (relative fluores-
cence units) in ENTs in the anterior larval intestine adjacent to the swim
bladder. Regions of interest (ROI) were chosen within the cytoplasmic space
(excluding BB and nuclei) of at least 10 ENTs per individual animal and voxels
were measured for intensity.
Preparation of Fluorescent Lipid Suspensions
For BODIPY-FA labeling, 2.5 ml of a 2 mg/ml stock of BODIPY-C12 (Invitrogen,
Grand Island, NY) in chloroform was dried with nitrogen gas, resuspended
with 2.5 ml of 200-proof ethanol, and mixed well with 100 ml of EM. Twenty
microliters of solution was added to 980 ml of EM (1 mg/ml) plus larvae (and die-
tary components where appropriate). For BODIPY-cholesterol (Avanti Polar
Lipids, Alabaster, AL) labeling, 4.6 ml was similarly dried from a 1.5 mg/ml stock
solution, resuspended with 2.5 ml of 200-proof ethanol, and mixed with EM
plus 1%FA-free BSA to ensure emulsion. Twentymicroliters of the suspension
was added to 980 ml of EM (1.38 mg/ml) plus larvae (and dietary components
where appropriate). When BODIPY labeled analogs were added to the
5% EY emulsion, small micelles (0.5 mm–4 mm diameter) were labeled. When
analogs were added to the 5% egg white emulsion, a uniform emulsion was
formed.
Extraction of Lipids
To purify lipid metabolites from larvae fed various diets containing either [3H]-
cholesterol ([1,2-3H(N)]) 50 Ci/mmol Perkin Elmer or BODIPY-cholesterol, lipid
extracts (40 larvae each) were prepared using a modified extraction method
(Bligh and Dyer, 1959) (full protocol provided in Supplemental Experimental
Procedures). Larvae were washed and sonicated (1 min) in EM (1 ml). Four
milliliters of chloroform/methanol solution (1:2) was added to sonicated larvae
in stages. Following extraction, the organic layer was dried, reconstituted in
100% chloroform, and stored at 80C.
Thin Layer Chromatography
To resolve [3H]-cholesterol and fluorescent cholesterol metabolites (choles-
terol, cholesterol ester, and BODIPY493/503) by TLC, a petroleum ether, ethyl
ether, acetic acid (80:20:1) solvent system was employed. Solvents were
mixed, added to TLC chambers, and allowed to equilibrate (20 min). Samples
and BODIPY standards were spotted onto silica gel TLC plates (Whatman,
LK5D; EMD Biochemicals) and dried (15 min). Detection of fluorescent bands
was performed on a Storm Scanner 860 (Molecular Dynamics, USA) using
a blue fluorescence laser (excitation: 450 nm; emission: 520LP; PMT 800V,
200m pixel size). Plates containing radioactive lipids were scanned using an
AR-2000 (Bioscan, USA).
Endocytic Compartment Labeling
Six dpf larvae were immersed in 0.22mMAM1-43 (Molecular Probes) in EM for
1 hr. For labeling with transferrin from human serum, Alexa-Fluor 555 (Invitro-
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Mini Protease Inhibitor Cocktail Tablets (Roche Diagnostics) in EM for 1 hr and
then immersed in a diet solution including 13 protease inhibitor, 0.4 mg/ml
transferrin 555, and 5% EY for 3 hr. Larvae were rinsed in EM four times prior
to imaging.
Co-Localization Analysis
Co-localization analysis of fluorescent markers was performed on ImarisColoc
software (Bitplane) and was based on the exclusion of intensity pairs that
exhibit no correlation (Pearson’s correlation below zero) and thresholded
Manders’ coefficients (Costes et al., 2004; Imaris, 2007; Manders et al.,
1993) (Supplemental Experimental Procedures).
Construction of Human NPC1L1-mCherry Fusion Vector
To make a human NPC1L1-mCherry fusion construct under the control of
a heat shock promoter (hsp70-HsNPC1L1:mCherry), we designed a Tol2
construct as in Kwan et al. (2007). An HsNPC1L1-GFP tagged construct
(from J.P. Davies, Mount Sinai School of Medicine, NY) was modified to be
driven by the heat shock promoter hsp70 and to replace GFP with mCherry.
Stable lines were derived using hsp70-hsNPC1L1:mCherry constructs using
Tol2 insertion. Larvae were heat shocked either 15 min (clonal experiments)
or 1 hr (stable line experiments), allowed to recover and express the transgene
(3 hr), and then moved to various diets.
Statistical Analysis
Data in bar graphs are expressed as mean ± SEM. Statistical analyses shown
in the main figures were performed using SPSS. Comparisons were made
using the two-tailed t test for equality of means (Figures 2, 3G, and 3H) or anal-
ysis of variance (ANOVA; Figures 3F, 3I, 3J, 5, and 6); all were preceded by the
Levene test for equality of variances. Outcome of each Levene test determined
whether ANOVA was followed up with the post-hoc procedure Ryan-Einot-
Gabriel-Welsch range (equal variances assumed) or Games-Howell (equal
variances not assumed). Shown in Figure S1B and S1D, linear regression
was performed using R version 2.14 (http://www.r-project.org). In both anal-
yses, linear regression of log-average LD area versus time post feed was per-
formed, and the bestmodel was selected using the Akiake InformationCriteria.
Generalized additive models where log-average LD area could vary as
a smooth spline of time post feed were also fit to the data (Figure S1B). A p
value < 0.05 was considered statistically significant.
SUPPLEMENTAL INFORMATION
Supplemental Information contains four figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/
j.chembiol.2012.05.018.
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